There is little information about commensal viruses in the white-backed planthopper, Sogatella furcifera, although it is an important agricultural insect. Here, two novel double-stranded RNA viruses related to the viruses in the family Totiviridae were identified using next-generation sequencing and tentatively named Sogatella furcifera totivirus 1 and 2 (SfTV1 and SfTV2). Their complete genomes consist of 6310 and 6303 nt, respectively, showing typical genomic features with viruses in the family Totiviridae. Identity, phylogenetic and conserved sequence analyses showed that SfTV1, SfTV2 and three other insect viruses may form a proposed novel genus of the family Totiviridae. Vertical transmission of the two viruses was highly efficient, and they were detected in all insect tissues and developmental stages, with the highest titres in the adult and in the haemolymph and reproductive organs. To our knowledge, this is the first report of viruses in the family Totiviridae found in a hemipteran insect.
The white-backed planthopper (WBPH), Sogatella furcifera Horv ath (Hemiptera: Delphacidae), is an important, migrating pest of rice in eastern Asia and Oceania [1] . Its nymphs and adults feed on the rice plants, resulting in yellowing of the plants. At high population densities, hopperburn or complete drying of the plants are common [2] . In recent years, WBPH has been found to transmit a southern rice black-streaked dwarf virus, a novel rice virus in the family Reoviridae [3, 4] . Due to the long-distance migration of the viruliferous insects, this virus has rapidly spread throughout southern China, northern Vietnam, Japan and Thailand, emerging as one of the most important rice pathogens [5] . In addition, only one commensal virus, himetobi P virus (HiPV), has been found in WBPH [6] . When we analysed the data of RNA-sequencing (RNA-seq) from WBPH total RNA, sequences that likely belonged to a previously unknown virus were identified. Homology analysis indicated that the sequences came from two uncharacterized viruses that were related to the family Totiviridae.
Totiviruses are non-enveloped, double-stranded RNA viruses with icosahedral virions, which consist of a single capsid protein and are about 40 nm in diameter [7] . The genome is composed of a linear dsRNA molecule of 4.6-6.7 kb, which contains two overlapping ORFs, encoding a major coat protein (CP) and a RNA-dependent RNA polymerase (RdRp), respectively. To date, 28 species, classified into the genera Totivirus, Giardiavirus, Leishmaniavirus, Trichomonasvirus and Victorivirus, have been identified for this family (https:// talk.ictvonline.org/taxonomy/). Viruses belonging to the genera Totivirus and Victorivirus infect yeast and fungi, but those belonging to the genera Trichomonasvirus, Giardiavirus and Leishmaniavirus reside in parasitic protozoa in a persistent but apparently non-cytopathic manner [8] [9] [10] . Recently, novel unapproved species have been found in arthropod hosts. Penaeid shrimp infectious myonecrosis virus (IMNV), isolated from Pacific white shrimp, was the first totivirus identified in an invertebrate host [11] . Since then, similar viruses have been isolated from flies, mosquitoes and ants [12] [13] [14] [15] . New viruses have also been found in vertebrates and plants, including Atlantic salmon (Salmo salar L.), maize (Zea mays L.), papaya (Carica papaya L.) and notoginseng (Panax notoginseng) [16] [17] [18] [19] .
Here, we describe and discuss the molecular and biological properties of two new dsRNA viruses that were discovered in a field population of WBPH collected from Guangzhou, China in 2015 and reared in our greenhouse over 1 year and tentatively named Sogatella furcifera totivirus 1 and 2 (SfTV1 and SfTV2) as the first two viruses in the family Totiviridae isolated from the insects in order Hemiptera.
Total RNA from 10 adults of S. furcifera was extracted using TRIzol reagent according to the manufacturer's instructions (Invitrogen, USA), rRNA was removed using a Ribo-Zero Magnetic kit (Epicentre, USA), and an RNA-seq library was constructed using a TruSeq Total RNA Sample Prep Kit (Illumina, USA) [20] . RNA-seq was performed on a HiSeq X Ten platform (Illumina). A total of 29734111 reads of 150 nt were obtained after removing adaptor sequences and low-quality reads. Then after de novo assembly, BLAST searches of nt collection (nr/nt) and non-redundant protein sequence (nr) databases, revealed one known virus (HiPV, 9275 nt, not discussed here) and two unknown totiviridaelike viruses in the sequenced samples. Two large contigs for each unknown virus (6293 and 6243 nt, respectively) were obtained. In a BLASTX search, these two contigs had higher identities with the RdRp of two ant viruses, camponotus nipponicus virus (CNV, 33 % identity on 34 % coverage) and camponotus yamaokai virus (CYV, 34 % identity on 30 % coverage), both belonging to the family Totiviridae.
To obtain the full genomic sequences of the two new viruses, we designed primers for both RT-PCR and RACE-PCR (Table S1 , available in the online version of this article) based on the assembled contigs, RT-PCR and agarose gel electrophoresis were performed as described [21] . The expected PCR products were obtained (Fig. S1 ), cloned and sequenced as described [22] . Sanger sequencing results confirmed the proper assembly of the Illumina reads and the presence of the two new viruses. Furthermore, cloning and sequencing of RACE-PCR products allowed the recovery of full-length genomic sequences of the two viruses. Subsequently, the results of the Sanger sequencing were assembled to form the full-length viral genomes using the DNAMAN (version 6) program (Lynnon Biosoft, San Ramon, CA, USA). The assembled genomes are composed of one dsRNA segment, corresponding to 6310 and 6303 nt, respectively, to each virus. The nt sequences reported here have been deposited in GenBank under the accession numbers MG546515 and MG546516. We temporarily named the viruses SfTV1 and SfTV2, representing the first two new viruses in the family Totiviridae identified in a hemipteran insect.
To further verify the existence of SfTV1 and SfTV2 in S. furcifera, dsRNA was extracted from 800 planthoppers of the same colony using the CF-11 cellulose chromatography method [23] , then treated with DNase I, nuclease S1 or RNase A (low salt condition) at 37 C; two untreated controls at 4 and 37 C were also used. After electrophoresis in an agarose gel, two major bands of 10 000 bp (HiPV) and 7000 bp (SfTV1 and SfTV2) were detected in the dsRNA samples treated with DNase I, nuclease S1 and in the controls, but degraded when the extraction was treated with RNase A, indicating that the bands were composed of dsRNA (Fig. 1a) . The 1000 bp bands (single-stranded RNA) were not present after treatment with nuclease S1 or RNase A (Fig. 1a) . RT-PCR of the treated, control samples and no-templated control using detection primer pairs V1 and V2-CP-F/R (Table S1 ) confirmed the presence of SfTV1 and SfTV2 in the dsRNA. Besides, we performed standard PCR using primer pairs V1 and V2-CP-F/R to detect the viruses in genomic DNA. The DNA was extracted from the same colony using the cetyltrimethyl ammonium bromide method with a half-grinded planthopper, the other halfgrinded planthopper was used to extract RNA to synthesize the cDNA as the positive control, and the DNA and RNA were treated with RNase A and DNase I, respectively. Only the cDNA was positive with the two viruses (Fig. S2) , the result indicated that the viral sequences were not from the genomic DNA.
We also used RT-PCR to test for SfTV1 and SfTV2 in rice seedlings on which S. furcifera had been reared for 2 weeks and in two other planthoppers, Nilaparvata lugens (Stal) and Laodelphax striatellus (Fall en). All tests were negative for the viruses except the positive control. Although we did not find SfTV1 and SfTV2 in N. lugens or L. striatellus, more insects from more locations need to be tested. The absence of SfTV1 and SfTV2 in the rice seedlings indicated they are specific for insect viruses.
After the whole viral genomes were obtained, ORFs were predicted using SnapGene software [24] . ORF1 (nt 472-3849 of SfTV1 and nt 749-4018 of SfTV2) encodes a 123.5 and 122.1 kD putative CP, respectively (Fig. 1b) . Although the first start codon (AUG) in ORF2 was downstream of the ORF1 stop codon in both SfTV1 (nt 4230-4232) and SfTV2 (nt 4198-4120), the ORF2 should be translated as a fusion with ORF1 through a À1 ribosomal frameshift, and a UUUUUUA slippery site (nt 3603-3609 and nt 3886-3892, respectively) was found in the overlapping regions, fitting the consensus motif XXXYYYZ in genera Totivirus and Giardiavirus [25] [26] [27] . ORF2 (nt 3603-6134 of SfTV1 and nt 3886-6156 of SfTV2) encodes a putative 94.2 and 87.0 kD putative RdRp, respectively. Thus, a 247 nt overlapping region (nt 3603-3849) in SfTV1 and a 133 nt overlapping region (nt 3886-4018) in SfTV2 is present between ORF1 and ORF2 (Fig. 1b) . The bioinformatics analysis also underlined several important features such as the conserved GDD amino acid motifs of RNA polymerase (Fig. S3) [28] . Eight additional motifs were also found based on comparison of SfTV1 and SfTV2 with two species of viruses from ants and one from mosquito in Totiviridae [11, 14, 29] .
The identities of the deduced amino acid sequences for ORF1 and ORF2 of the two viruses with other viruses in the family Totiviridae, retrieved from NCBI (www.ncbi.nlm. nih.gov/), were calculated by the Needle program [30] . The identities of SfTV1 with other viruses ranged from 4.8 to 21.1 % for ORF1 and 8.1 to 30.7 % for ORF2; the identities of SfTV2 ranged from 2.7 to 19.7 % for ORF1 and 9.0 to 28.6 % for ORF2 (Table 1) . However, SfTV1 and SfTV2 shared the highest identities for ORF1 and ORF2 with each other, but the identity was only 23.2 and 32.3 %, respectively. All the identities were much lower than the species demarcation thresholds (50 % for both ORFs at protein level) in the family Totiviridae according to the criterion of the International Committee on Taxonomy of Viruses. So, we proposed that SfTV1 and SfTV2 are two new species in the family Totiviridae.
To study the genetic relationships with other viruses in the family Totiviridae, we constructed maximum likelihood phylogenetic trees based on deduced amino acid sequences for the CP and RdRp using MEGA 6 software [31] . SfTV1 and SfTV2 clustered on the same branch and had higher genetic relationships with several unapproved arthropod viruses, CYV, CNV and anopheles totivirus (AnTV) in both trees (Fig. 2) . This result was consistent with the identity analysis.
Zhai and collaborators proposed that IMNV, drosophila melanogaster totivirus (DTV) and armigeres subalbatus virus (AsTV) should be classified as members of a novel genus 'Artivirus' (derived from an arthropod totivirus) based on the phylogenetic analysis and amino acid identities in both the CP and RdRp among these three viruses [12] . In the present study, SfTV1 and SfTV2 also had a close relationship with these three viruses and other arthropod totiviruses. All arthropod viruses cluster in one clade in the phylogenetic tree of RdRp (Fig. 2a) , and SfTV1, SfTV2, CYV, CNV and AnTV clustered in one subclade. The relationships were more complex in the phylogenetic tree of CP (Fig. 2b) , arthropod totiviridae members dispersedly clustered in different clades among trichomonasviruses, totiviruses and giardiavirus. On the basis of the different clustering in the RdRp and CP trees, we may assume a recombination event probably occurred in the ancestral totiviridae members. Then we constructed neighbour-joining trees (Fig. S4 ) and obtained similar results except a giardiavirus, isolated from protozoa, was between SfTV1, SfTV2, CYV, CNV and AnTV in the RdRp tree (Fig. S4a) . Thus, SfTV1 and SfTV2, with other arthropod totiviruses, may be assigned to a new genus. Further, we did pairwise comparisons of the RdRp sequence of the type species for each genus with all of the arthropod viruses (Fig. 3c) and found that the group with SfTV1, SfTV2, CYV, CNV and AnTV and the group with DTV, AsTV and ORV had higher identities with each other, respectively, corresponding to the phylogenetic tree, indicating that the two groups were different genera. And the group with SfTV1, SfTV2, CYV, CNV and AnTV shared several conserved motifs (Fig. S3b) , which could not be found in other totiviruses (Fig. S3a) . Similarly, the group with DTV, IMNV, AsTV and ORV had some specific motifs (Fig. S3a) . The genomic sizes of the five viruses ranged from 5.7 to 6.3 kb, and the other four arthropod viruses, IMNV, DTV, AsTV and ORV, ranged from 6.7 to 8.2 kb (Table 1) . Therefore, a new genus 'Insevirus' (derived from insect totivirus), comprising SfTV1, SfTV2, CYV, CNV and AnTV, is proposed for the Totiviridae family based on their higher identities, closer phylogenetic relationships, conserved motifs and similar genomic sizes.
Viruses of the family Totiviridae usually persistently and asymptomatically infect fungi and protozoans, and most of them can be transmitted to new cells during cell division, sporogenesis and cell fusion [32] . The new totiviruses, IMNV in shrimp and piscine myocarditis-like virus (PMCV) in salmon, can be transmitted horizontally through injecting virus particles from infected hosts/cells to a new host and then cause similar diseases [11, 16] . To determine the percentage of virus infections in our colony, we randomly tested 10 adults of S. furcifera individually for SfTV1 and SfTV2 by RT-PCR and found that all the insects were viruliferous. Then we tested individually five progenies each from 30 couples; they were all virus-positive also. Finally, we randomly tested 10 individual male and 10 female progenies of three couples of viruliferous planthoppers (60 samples) by RT-PCR to determine the vertical transmission rate. SfTV1 and SfTV2 were present in all the tested planthoppers, suggesting that the viruses have highly efficient and persistent vertical transmission. As all S. furcifera in our greenhouse were viruliferous, we could not test the horizontal transmission of SfTV1 and SfTV2 nor transmission by gender. To analyse the distribution of SfTV1 and SfTV2 in six excised tissue types from 20 male and 20 female insects and six developmental stages, the virus titre was examined using real-time quantitative PCR as described [4] . No-template controls were used to test the process contamination, and tissues were washed using PBS buffer before RNA extraction to eliminate body fluid contamination. The results showed when the first-fifth instar nymphs and adult male and female planthoppers were analysed, the two viruses were detected in all planthoppers at all developmental stages, even in the first instar nymphs, no virus could be found in the blank control (Fig. 3a) . In addition, SfTV1 and SfTV2 were detected in all insect tissues. Due to the technical difficulty of insect dissection, cross-contamination of organs especially the body fluid during that process cannot be entirely eliminated, but different titres of viruses could be observed. Quantities of SfTV1 and SfTV2 were higher in tissues of the head, haemolymph and reproductive system (Fig. 3b ).
In conclusion, we found two novel dsRNA viruses from S. furcifera using next-generation sequencing, obtained the fulllength genomes, and tentatively named the viruses SfTV1 and SfTV2. Then we characterized the genomic organizations, phylogenetic relationship and conserved motifs, finding that the two new viruses may belong to a new genus in the family Totiviridae. Our determination of the vertical transmission rate and virus titre in different tissues and developmental stages showed that SfTV1 and SfTV2 persistently infected S. furcifera. Although we did not observe significant symptoms on S. furcifera, detailed study is needed to determine whether the viruses affect development, reproduction, sex ratios or other biological features.
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